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ABSTRACT  27 
PURPOSE: Calculate the true relaxation time of the cornea in function of the 28 
oxygen tension at the interface cornea-tears with the intention to know the 29 
behaviour which follows the oxygen diffusion and chemical reactions to produce 30 
adenosine triphosphate (ATP).  31 
METHODS: From oxygen tension measurements in vivo for human cornea-tears, 32 
under a wide range conventional Hydrogels (Hy) and Silicone-Hydrogel (Si-Hy) 33 
contact lenses, the transitory and stationary state of oxygen tension under open 34 
eyes conditions was obtained. We here separate the Fick diffusion behaviour 35 
given by the passive CL and tears from the active cornea by subtraction of the 36 
time-lags of both CL and tears, changing the origin times. The true cornea 37 
relaxation time was obtained by this procedure.  38 
RESULTS: The relaxation time should be of 8 s, however our results shown that 39 
the corneal relaxation time follows a Non Fickean behaviour. Below this value (8 40 
s), the behaviour is super-diffusive, and for high ones the corneal response 41 
behaviour is sub-diffusive.  42 
CONCLUSION: The oxygen tension distribution in the corneal tears interface, is 43 
separated in two different zones. One, for conventional hydrogels, that is located 44 
between 6 and 75 mmHg, with a relaxation time compressed between 9 and 19 45 
seconds; and the other zone where Silicone-Hydrogel CLs, which are situated at 46 
high oxygen tensions, between 95 and 140 mmHg, with a relaxation time in the 47 
interval of 1.5 to 8 seconds. We attribute this behaviour quantitatively to the 48 
coupling formalism between Fick oxygen diffusion and biochemical reactions 49 
which evolved to produce adenosine triphosphate (ATP). 50 
Key words: Corneal hypoxia, relaxation time, oxygen diffusion, ATP, lens 51 
trasmisibility 52 




The cornea is an avascular tissue which requires oxygen for normal 55 
metabolic function. Oxygen reaches the cornea primarily from atmospheric air 56 
and secondarily from the anterior chamber (aqueous humor) under open eye 57 
conditions. During the closed eye situation (ie sleep), the oxygen is provided from 58 
both exposure to the tarsal palpebral conjuntiva and from the aqueous humor1,2. 59 
When variably oxygen permeable CLs are worn on the cornea, any induced 60 
hypoxia would result in may lead several complications.3,4 Some researchers 61 
have reported that wear of low oxygen transmissible CLs limit normal oxygen 62 
supply to the anterior cornea leading to: corneal swelling, corneal acidosis, 63 
epithelial punctate staining, limbal hyperemia, loss of corneal transparency, and 64 
endothelial polymegethism.5-8  65 
Others researchers9-13 observed that hydrogel CL wear induces acidosis,8,14-16 66 
which then secondarily increases the corneal oxygen consumption rate by up to 67 
1.8 times that found at normal pH; it is thought that such acidosis leads to 68 
activation of pH-regulatory mechanisms.7 Accordingly, increasing oxygen 69 
consumption increases energy demand to produce additional ATP molecules via 70 
oxidative phosphorylation. On the other hand, when anterior corneal oxygen 71 
partial pressure is low, corneal oxygen consumption falls with the increase in 72 
glucose concentration because of anaerobic respiration. Frahm et al.,17 explained 73 
that only excess glucose is independent of glucose concentration in respiration. 74 
Compañ et al18 observed, using oxygen tension from in vivo estimations provided 75 
by Bonanno et al.,8,19,20 that the Monod kinetics model for oxygen consumption 76 
reaction with glucose describes a maximum as a transition from aerobic to 77 
anaerobic metabolism. That is, when lowering oxygen tension, the maximum 78 
oxygen consumption rate initially increases depending on the intensity of 79 
pressure change. This could be related to variation in pH, where this parameter 80 
decreases for greater reductions in oxygen pressure, possibly due to changes in 81 
the concentration of glucose associated with anaerobic respiration.18  82 
Transient relaxation time is generally considered as time-constant for a 83 
system to return to equilibrium after a disturbance or dysfunctions. Using the 84 
previous results of Bonanno et al.,8,19,20  for corneal stress under exposure to a 85 
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CL wear in closed eye conditions (see Figs 2 & 3 of Bonanno et al.,20), we 86 
calculate here the time required for the partial pressure of oxygen at the cornea-87 
tears film interfase, in a cornea under the presence of a CL, to return to its normal 88 
state under open-eye conditions, after being stressed.. This time is named the 89 
relaxation time for this transitory behavior. From the procedure followed by 90 
Bonnano et al.,19 the data collected after eye opening was fit to a exponential 91 
function derived from transitory experimental data using a parameter which is the 92 
inverse of relaxation time. This parameter was considered for both the complete 93 
system including the passive CL and tears and the active cornea, which 94 
consumes oxygen.  95 
In this work, we separate the Fick diffusion behaviour given by the passive CL 96 
and tears from the active cornea by subtraction of the time-lags of both CL and 97 
tears, changing the origin of the times. The transient cornea relaxation time 98 
obtained by this procedure have been calculated for ten soft CLs worn on human 99 
corneas described by Bonanno et al.19,20 We have analysed these results 100 
according to different oxygen partial pressures measured at the cornea-tears 101 
interface with the intention to study the  behaviour between the oxygen diffusion 102 
and corneal response behaviour respect the transient relaxation times of the 103 
cornea. From our study, we could see a qualitative behaviour of coupling 104 
formalism between oxygen diffusion and chemical reaction, which is involved to 105 
produce adenosine triphosphate (ATP). For this, we first, however, separate CL 106 
and tears time-lags to obtain solely the transient relaxation time of the cornea. 107 
This information might be useful to determine the time required for the corneal 108 
physiology return to the stationary state after a perturbation of hypoxic stress 109 
caused by a contact lens wear depending on the contact lens transmissibility. It 110 
is known that contact lens wear causes corneal acidosis which, in turn, increases 111 
the corneal oxygen consumption and in consequence the pH-regulatory 112 
mechanism.6  113 
So that, the determination of this parameter might also be relevant to design 114 
studies in which the same cornea is subjected to repeated tests with different 115 
lenses or hypoxic conditions, increasing oxygen consumption and making the 116 
cells, basically from the epithelium, in a limited hypoxic state over a limit pH range 117 
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and therefore, resulting in more lactate production and lower oxygen availability 118 
for glucose oxidation15-17, 20-24. 119 
Materials and methods 120 
Materials 121 
For this study, we are selected ten contact lenses CLs (five hydrogel (Hy) 122 
and six siloxane-hydrogel (Si-Hy)) currently available on the world market. This 123 
selection was done because tear oxygen tension under hydrogel and silicone 124 
hydrogel contact lenses in humans were studied previously by Bonanno et al.,19,20 125 
using the phosphorescence decay methodology, with the aim to correlate the lens 126 
transmissibility and the oxygen tension and flux into the central cornea. Chhabra 127 
et al. have reported a polarographic method for measuring oxygen diffusivity and 128 
solubility of soft CL separately23. Technical details of CLs, reported by the 129 
manufacturer, such as average central thickness, permeability, and 130 
transmissibility through each CL are displayed with asterisks in Table 1. Data 131 
without asterisks were measured in our laboratory.  132 
 133 
INSERT HERE TABLE 1 134 
 135 
Methods 136 
The values of apparent diffusion coefficient and permeability given in Table 137 
1 were obtained following the procedure described previously23,25-29 In brief, 138 
apparent oxygen diffusion and permeability of these CLs were determined from 139 
the measurement of electric current generated at the electrode as consequence 140 
of the reduction process of oxygen that passed through each CL. In the steady 141 




= ∞      (1) 143 
where I∞ represents current intensity at steady state conditions (t→∞), L is the 144 
central thickness of the CL, n is the number of electrons exchanged in the 145 
cathodic reaction (n=4), F, the Faraday constant, A, the area of the cathode and 146 
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∆p is the oxygen partial pressure difference across the lens at sea level (∼155 147 
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∞     (3) 151 
where Q(t) is the total charge transferred to the cathode as consequence of the 152 
oxygen reduction process from t=0 until the system reaches the stationary state 153 
and t the total elapsed time. The values of P and D are apparent because in the 154 
experimental procedure for the determination are included the boundary layers. 155 
Therefrore, the values of P and D, are the estimations for the total system: water 156 
layer//contact lens//water layer. 157 
From the apparent oxygen permeability and oxygen diffusivity we are calculated 158 
the apparent solubility as 𝑘𝑘𝑙𝑙 = �𝑃𝑃 𝐷𝐷� �𝑙𝑙. The values obtained are given in table 1. 159 
The values of time lag for oxygen diffusion through the CL displayed in the 160 
last column in table 1 was determined, from the oxygen diffusion coefficient 161 
through the CL given in third column and known thickness of the CL ( tabulated 162 





L= τ , (see eq.(10) of reference26).  163 
On the other hand, to calculate the time-lag for oxygen diffusion through the tears, 164 
we considered the oxygen diffusion coefficient of water which is around 3x10-6 165 
cm2/s 30. Taking this value, and considering that a typical value for the thickness 166 
of the tears is at most 10 µm,31,32  with both hydrogel and silicone-hydrogel CLs, 167 





L= τ =0.33 s. 168 
Results and discussion 169 




 The steady-state values of tear oxygen partial pressures under the CLs for 172 
open eye conditions were obtained with a time-domain phosphorimeter as 173 
previously described from Bonanno et al.,19,20,33, are listed in Table 1. From the 174 
graphs of the Bonano et al.,19,20,33 experimental data, we obtained stationary state 175 
oxygen tensions for open eye conditions. We then fit the transitory oxygen tension 176 
(PO2) after eye opening data collected to a first-order exponential model as:  177 
 178 
𝑃𝑃𝑂𝑂2 = 𝑆𝑆𝑆𝑆 − (𝑆𝑆𝑆𝑆 − 𝐼𝐼𝐼𝐼)𝑒𝑒−𝜅𝜅𝜅𝜅    (4) 179 
 180 
where SS is the stationary value of oxygen partial pressure for a given CL, IN is 181 
the initial value of PO2, κ represents the inverse of transient-relaxation time of the 182 
system, and t is time. 183 
 Given that corneas wear CLs in the Bonanno et al.19,20,33 experimental 184 
procedure, the time data collected corresponds to the response of the total 185 
system. Therefore, in first approximation, the system is corneas, tears, and CLs. 186 
This response is “in-series,” wherein oxygen diffuses first through the CL, then 187 
interposed tears, and thereafter diffuses into the underlying cornea.  188 
The relaxation response of the cornea alone can be separated infitting of the 189 
experimental data. In fact, The Bonano et al.,19,20,33 experimental data for oxygen 190 
tension at the cornea entrance (the interface cornea-tears film) can be changed 191 
from their time origen, taking into account the time lags of the lens and tears, 192 
respectively, according to the equation. 193 
𝑃𝑃𝑂𝑂2 = 𝑆𝑆𝑆𝑆 − (𝑆𝑆𝑆𝑆 − 𝐼𝐼𝐼𝐼)𝑒𝑒−𝜅𝜅𝑐𝑐(𝜅𝜅−𝜏𝜏𝑙𝑙−𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)    (5) 194 
Where 𝜅𝜅𝑐𝑐 is the inverse of the transient time of the cornea alone. 195 
The variation of oxygen partial pressure in the cornea-postlens tear film interface 196 
as a function of time in open eye conditions, was measured using a 197 
phosphorescence dye technique19,20,33. Experimental transitory data, in 198 
combination with equation (5), allowed calculating the value of transient-199 
relaxation time for different situations corresponding to a cornea wearing a 200 
contact lens. Figure 1 show the fit of experimental data for four lenses (2 hydrogel 201 
conventional and 2 Si-Hy contact lenses). Similar fitting has been made for the 202 
other lenses analyzed in this study. From the adjust of eq.(5) to experimental data 203 
we are obtained the transient-relaxation time for the cornea for each situation. 204 
Figure 2 show the plot of relaxation times for all CLs studied. A straight line is 205 
8 
 
obtained of correlation coefficient r2= 0.95. To carry out this analysis, the data of 206 
the figures of Bonanno corresponding to the transitory of PO2 versus time for all 207 
the CLs studied were taken. The procedure followed consists to load the data into 208 
the software "tracker", in which the coordinates of the points of the plot were 209 
obtained. Using the software "Wolfram Mathematica" the corneal relaxation time 210 
was obtained from the data adjusted. 211 
 212 
INSERT HERE FIGURE 1 213 
 214 
A close observation of figure 2 permit us conclude that conventional hydrogel CLs 215 
with relaxation times bigger than 8 seconds are displayed on the left side of Figure 216 
2, while the cohort of silicone-hydrogel CLs, where relaxation time is below than 217 
8 seconds, are on  right side of this figure. 218 
 To give a more general and complete evaluation, we must also include the 219 
following two cases in the plot: 1) the open eye cornea where the anterior tear 220 
surface is in contact with the ambient atmosphere at sea level (oxygen tension 221 
≅155 mmHg) and the transient -relaxation time τ is about 1 sec. This value 222 
represents the aerobic response of the cornea where six moles of carbon dioxide 223 
and water are produced for each mole of glucose consumed, and 36 moles of 224 
adenosine triphosfate (ATP) are produced. We also need to consider 2) the 225 
opposite case, where the anterior tear surface over the cornea is exposed to a 226 
oxygen partial pressure of zero where the relaxation time will be equal to 21.5 227 
sec. This value represents the rate of production of ATP by glycolysis. In such 228 
situation the anaerobic breakdown of glucose requires consumption of 1 mole of 229 
glucose to produce two moles of lactic acid, and only two moles of ATP are 230 
produced.20,30 The result is a rate equal to 36/2. Comparing these two extreme 231 
values with the ten experimental values of CL generated data obtained from the 232 
Bonnano et al.,19,20,33 we found the resulting straight line as shown (see Figure 233 
2); where the percentage of participation of oxygen rules out the transient-234 
relaxation time of the cornea. The characteristic time limit for pc equal to zero 235 
obtained here is valid and representative, although it has been difficult to produce 236 
truly anoxic conditions at the ocular surface.34  237 
 Considering the cornea as a one-dimensional homogenous tissue, the 238 



















    (6) 240 
where pc(x,t) is the oxygen tension in the cornea in mmHg, Dc the oxygen 241 
diffusion coefficient into the cornea, kc the oxygen solubility coefficient in the 242 
corneal tissue (cm3 of O2/cm3 of tissue/mmHg), x is the distance perpendicular to 243 
the surface  (cm) , Q(pc) is the oxygen consumption rate (ml of O2/ cm3 of tissue 244 
layer/s), and t is time (s). The subscript c refers to the quantities measured at the 245 
cornea. 246 
The solutions of eq.(6) in the cornea are functions of Q(pc) which is  a result of 247 
the aerobic and anaerobic metabolisms.22,36-38 To determine the solution of eq.(6) 248 











=      (7) 251 
where km is the Monod dissociation equilibrium constant (𝑘𝑘𝑚𝑚=2.2 mmHg) and 252 
Qc,max represent the maximum oxygen consumption.24 Inserting the eq (7) into 253 
eq.(6) we have numerically calculated the variation of the oxygen tension versus 254 
time at the interface corneas-tears film when a CLs is wearing. The results 255 
obtained for the lenses Polymacon, Acuvue2, Optix and Oasys can be seen in 256 
figure 1, as a continuous solid line fitting to Bonanno experimental data. From this 257 
fit we also have calculated the transient-relaxation time of the cornea, for each 258 
one of the system cornea-tears/ CLs. The values obtained are shown in the inset 259 
of figure 2. In the Inset we can see that a straight line is obtained with a correlation 260 
coefficient r2= 0.90. To carry out this analysis, the data of the figures of Bonanno 261 
corresponding to the transitory of PO2 versus time for all the CLs studied were 262 
taken. A comparison between the two procedures show a good agreement 263 
between the values of transient- relaxation time of the cornea obtained. On the 264 
other hand, we can observe that the tendency of the straight-line in the region of 265 
high oxygen tension (nearly to 155 mmHg) change its slope in order to avoid 266 
negative values for the transient -relaxation time of the cornea. This asymptotic 267 
change tends to the value of 1.2 sec for the fit of eq. (5) and of 1.36 sec in case 268 
of the fit using eq.(6). The values of 1.2 sec has been determined from the relation 269 
Intercept at Pc=0, as 21.6/18. The value of 18 is obtained from the relation 270 
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between 36 moles of ATP when the cornea is found below maximum amount of 271 
oxygen and 2 moles that is established for an cornea below the absence of 272 
oxygenOn the other hand, the transient-relaxation time of the cornea, taking into 273 
account that it is a passive homogeneous tissue, is around of τ=8s. This value is 274 
obtained considering a corneal thickness of L=532 µm and a corneal diffusion 275 
coefficient of 6x10-5 cm2/sec. The last value is the mean value of cornea oxygen 276 
diffusion coefficient obtained for a cornea wearing Balafilcon and Polymacon 277 
lenses.37 A close inspection of this value in Figure 2 corresponds to a value 278 
approximately in abscissa axis equal to 90 mmHg. Which  is around of limit of low 279 
pressure to avoid hypoxia given by Compañ and Weissman37 and little below the 280 
value of 105 mmHg postulated by Compañ et al.38 Note that, for pressures higher 281 
than this value, the cornea behaves as super-diffusive phase,  since it present 282 
lower transient-relaxation times, and for low pressure behaves as sub-diffusive 283 
one, since it present lower transient-relaxation times. These conclusions are 284 
explained considering that the diffusive process is coupled to the oxygen 285 
chemical reaction that produces ATP. In the case of super-diffusion, enhanced 286 
velocity of oxygen molecules could be  given  by replacement of molecules 287 
consumed and its transit produces a sequence of jumps-line, in which oxygen 288 
molecules move faster than Brownian diffusion in the cornea. 289 
 290 
INSERT HERE FIGURE 2 291 
 292 
On the other hand, anaerobic conditions do not involve oxygen molecules 293 
by definition; several chemical reactions occur which take more time than does 294 
usual respiration. In that condition, when the few oxygen of aerobic metabolism 295 
produces additional ATP, the transient is not finished until the present reactions 296 
in the cornea are relaxed, exceeding the time of Brownian diffusion. 297 
 It is well known that CLs (daily disposable wear, extended wear, flexible 298 
wear or conventional wear) are a popular alternative for correction of refractive 299 
error. Reductions of CL tolerance have been associated with both limited oxygen 300 
availability and lens movement on the eyes.39,40 Contact lens oxygen 301 
transmissibilities and corneal oxygen consumption are the key performance 302 
characteristics which permit us to understand many changes occurring in corneal 303 
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physiology while CLs are worn. The latest generation of soft CLs (silicone-304 
hydrogel or “Si-Hy”) are much more oxygen permeable than conventional 305 
hydrogel CLs (Hy) and therefore expected to be much better tolerated in vivo. 306 
Enhanced oxygen diffusivity in Silicone hydrogel materials occurs through two 307 
co-continuous phases: 1) the ion/water permeable (ionoperm and waterperm) 308 
hydrogel phase, and 2) the oxygen permeable (oxyperm) phase, but oxygen 309 
permeability is more through the xerogel phase than the hydrogel phase.39-40 310 
These characteristics induce different transient-relaxation times of the cornea, 311 
which should be associated with production of different values (moles) of ATP for 312 
each mole of consumed glucose. We observed that corneal oxygen consumption 313 
rate increases with the acidosis and decreases with the anaerobic transition. This 314 
kinetic transition can be understood not only as the result of the metabolic 315 
reactions that occur in the Krebs cycle, but also of the other observed corneal 316 
reactions.41 317 
Therefore, it has to be commented that our concern is with short transient 318 
relaxation in experiments with close and open eyes. This case should be 319 
separated when a prolonged hypoxia effect is present. Then others phenomena 320 
appears, such as corneal swelling, corneal acidosis, loss of corneal transparency, 321 
keratitis, neovascularization and limbal hyperemia, among others. All of them 322 
may not be related with the transient-relaxation time. Particularly, the cornea 323 
deswells upon waking over a period of about one hour.41,42 Therefore, these 324 
studies are not related with the present approach. Nevertheless, before these 325 
phenomena could be produced, an estimation of the transient-relaxation time can 326 
give us information on the lens transmissibility requirements to avoid corneal 327 
hypoxia, because knowing the value of  transient-relaxation time of the cornea 328 
we can estimate the apparent oxygen tension at the interface cornea-tears-CLs 329 
and calculate which transmissibility have to have a CL to be use to avoid 330 
hypoxia.7,12,43,44  331 
Therefore, this study suggests that current scleral gas permeable and hydrogel 332 
contact lenses should produce some levels of cornea hypoxia under open eye 333 
conditions. Only lenses producing an oxygen tension greater than 90 mmHg can 334 
prevent different abnormalities, which, with an insufficient oxygen supply could 335 
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be produced. This information will be prudent that clinicians to prescribe contact 336 
lenses manufactured for higher oxygen transmissibility. 337 
 338 
Conclusions 339 
 Two procedures to calculate transient-relaxation times of the cornea are 340 
reported. Both determinations give practically same results. We note a 341 
distribution correlated with cornea-tear interface oxygen partial pressure, from 342 
near zero to 155 mm Hg, as shown in both Table 1 and Figure 2. Our results 343 
show an oxygen tension distribution in two different zones: conventional 344 
hydrogels are located between 6 and 75 mmHg with a transient-relaxation time 345 
in the interval between 9 and 19 seconds, while Si-Hy CLs are situated at high 346 
oxygen tensions, between 95 and 140 mmHg, with a relaxation time in the interval 347 
of 3 to 8 seconds. These conditions allow us to verify different behavior of the 348 
cornea; namely, super-diffusive, Fickean, and sub-diffusive. Fick behavior occurs 349 
when the cornea is considered as a single homogenous tissue with a specified 350 
width and a given diffusion coefficient (it leads to a transient-relaxation time of 8 351 
seconds). The super-diffusive regime accounts for faster responses due to the 352 
oxygen ballistic flow around the locality where the aerobic chemical reaction takes 353 
place to produce ATP (less than 8 seconds). Finally, longer characteristic times 354 
than 8 seconds are achieved when anaerobic chemical reaction controls the rate 355 
of total corneal relaxation. Contact lenses which transmissibility yield transient-356 
relaxation time higher than 8 s will produce sub-diffusive processes into the 357 
cornea and if persist, induces different anomalies, such as corneal swelling, 358 
corneal acidosis, loss of corneal transparency, keratitis, neovascularization and 359 
limbal hyperemia, among others. However CLs with higher transmissibility 360 
yielding a relaxation times lower than 8 seconds maintain to the cornea with a 361 
good oxygenation and transparency, and only in certain cases a moderate 362 
acidosis could be observed.  363 
Acknowledgements 364 
This research has been supported by the ENE/2015-69203-R project, granted by 365 
the Ministerio de Economía y Competitividad (MINECO), Spain, Also Authors are 366 
13 
 
grateful to UNAM-DGAPA-PAPIIT projects IG 100618 and IN-114818, , and 367 
UNAM-DGAPA for the Postdoctoral grant of Roxana M. del Castillo. We warmly 368 
thank to Prof. Barry A. Weissman. Professor of Optometry, Marshall B. Ketchum 369 
University, and Professor Emeritus of Ophthalmology, JSEI/D Geffen Sch 370 
Medicine at UCLA, for their valuable contribution to improve our article. 371 
 372 
References 373 
1. Fatt I. Steady-state distribution of oxygen and carbon dioxide in the in vivo 374 
cornea. II. The open eye in nitrogen and the covered eye. Exp Eye Res 375 
1968;7:413-30.  376 
2. Freeman RD. Oxygen consumption by the component layers of the cornea. 377 
J Physiol 1972;225:15-32. 378 
3. Chalmers RL, McNally JJ, Schein OD, Karz J, Tielsch JM, Alfonso E, 379 
Bullimore M, O’Day D, Shovlin J. Tear Oxygen Under Hydrogel and Silicone 380 
Hydrogel Contact Lenses in Humans. Optom Vis Sci 2007;84:573-9. 381 
4. 4. Schein OD, McNally JJ, Katz J, Chakmers RL, Tielsch JM, Alfonso E, 382 
Bullimore M, O’Day D, Shovlin J. Ophthalmology 2005, 112:2172-9 383 
5. Sweeney DF. Clinical signs of hypoxia with high-Dk soft lens extended wear: 384 
Is the cornea convinced?. Eye Contact Lens 2003;29:S22-5.  385 
6. Harvitt DM, Bonanno JA. pH Dependence of Corneal Oxygen Consumption. 386 
Optom Vis Sci 1998;39:2778-2781.  387 
7. Harvitt DM, Bonanno JA. Re-evaluation of the oxygen diffusion model for 388 
predicting minimum contact lens Dk/t values needed to avoid corneal anoxia. 389 
Optom Vis Sci 1999;76:712-19. 390 
8. Bonanno JA, Polse KA. Corneal acidosis during contact lens wear: effects 391 
of hypoxia and CO2. Invest Opthalmol Vis Sci 1987;28:1514-20.  392 
9. Polse K,Mandell B. Critical Oxygen Tension at the Corneal Surface. Archives 393 
of Ophthalmology, 1970; 84:505-8 394 
10. Brennan NA, Efron N, Carney LG. The minimum equivalent oxygen 395 




11. Hamano H, Hori M, Hamano T, et al. Effects of contact lens wear on mitosis 398 
of corneal epithelium and lactate content in aqueous humor of rabbit. Jpn J 399 
Ophthalmol 1983;27:451-8. 400 
12. Holden BA, Mertz GW. Critical oxygen levels to avoid corneal edema for 401 
daily and extended wear contact lenses. Invest Opthalmol Vis Sci 402 
1984;25:1161-7 403 
13. Giasson C, Bonanno JA. Acidification of rabbit corneal endothelium during 404 
contact lens wear in vitro. Current  Eye Research 1995;14:311–8. 405 
14. Riley MV. Glucose and oxygen utilization by the rabbit cornea. Exp Eye Res 406 
1969;8:193-200.  407 
15. Giasson C, Bonanno JA. Corneal epithelial and aqueous humor acidification 408 
during in vivo contact lens wear in rabbits. Invest Opthalmol Vis Sci 409 
1994;35:851–61. 410 
16. Bonanno JA; Polse KA.  Measurement of in vivo human corneal stromal pH: 411 
open and closed eyes. Invest Opthalmol Vis Sci 1987;28:522-30.  412 
17. Frahm B, Lane P, Markl H, Portner R. Improvement of a mammalian cell 413 
culture process by adaptive, model-based dialysis fed-batch cultivation and 414 
suppression of apoptosis. Bioprocess Biosyst Eng 2003;26:1–10. 415 
18. Compañ V, Aguilella-Arzo M, Del Castillo LF, Hernández SI, Gonzalez-416 
Meijome JM. Analysis of the application of the Generalized Monod kinetics 417 
model to describe the Human Corneal Oxygen-Consumption Rate During 418 
Soft Contact Lens Wear. J Biomed Mater Research (B): Applied Biomaterials 419 
2017;105B:2269-81. 420 
19. Bonanno JA, Stickel T, Nguyen T, Biebl T, Carter D, Benjamin WJ, Soni PS. 421 
Estimation of human corneal oxygen consumption by non invasive 422 
measurements of tear oxygen tension while wearing hydrogel lenses. Invest 423 
Opthalmol Vis Sci 2002;43:371-6. 424 
20. Bonanno JA., Clark C., Pruitt J., Alvord L. Tear oxygen under hydrogel and 425 
silicone hydrogel contact lenses in humans. Optom Vis Sci 2009;86:E936-426 
42. 427 
21. Chandel N S., Budinger G.R., Choe S.H., Schumacker P.T. Cellular 428 




22. Chhabra M., Prausnitz J.M., Radke C.J. Modeling corneal metabolism and 431 
oxygen transport during contact lens wear. OVS. 2009,; 86:454-466. 432 
23. Chhabra M., Prausnitz J-M. Radke C., “Polarographic method for measured 433 
oxygen diffusivity and solubility in water-saturated polymeric films: 434 
Aplications to hypertransmissible soft contact lenses”, Ind. Eng. Chem. Res. 435 
2008, 47, 3540-3550. 436 
24. Leung B.K., Bonanno J.A., Radke C.J. Oxygen-deficient metabolism and 437 
cornel edema. Progress in Retinal and Eye Research. 2011; 30:471-492. 438 
25. Compañ V, Andrio A., Lopez-Alemany A., Riande E., Refojo M.F. Oxygen 439 
permeasbility of hydrogel contact lenses with organosilicon moities. 440 
Biomaterials 2002;23:2767-72 441 
26. Gonzalez-Meijome, JM.; Compañ V, Riande E. Determination of oxygen 442 
permeability in soft contact lenses using a polarographic method: estimation 443 
of relevant physiological parameters. Industrial and Engineering Chemistry 444 
Research 2008;47:3619–29 445 
27. Compañ V, López M.L., Andrio A., Lopéz-Alemany A., Refojo M.F. 446 
Determintion of oxygen transmissibility and permeability of hydrogel contact 447 
lenses. Journal of Applied Polymer Science 1999;72:321-7. 448 
28. Gavara R, Compañ V. Oxygen, water, and sodium chloride transport in soft 449 
contact lenses materials. J Biomed Mater Res (B) Applied Biomaterials 450 
2017;105B:2218-31. 451 
29. Compañ V, Tiemblo P, García F, García JM, Guzmán J, Riande E. A 452 
potentiostatic study of oxygen transport through poly(2-ethoxyethyl 453 
methacrylate-co-2,3-dihydroxypropylmethacrylate hydrogel membranes. 454 
Biomaterials 2005;26:3783-91. 455 
30. Weast RC. CRC Handbook of Chemistry and Physics. 70th ed Boca raton FL 456 
CRC Press;1990. 457 
31. Wang J.,Fonn D., Simpson J. L., and Jones L. “Precorneal and pre-and 458 
postlens tears film thickness meassured indirectly with optical coherence 459 
tomography”, Invest.ophtal. and visual science, 2003; 44: 2524-2528. 460 
32. Nichols J. J., King-Smith P. E. “Thickness of the Pre- and Post–Contact Lens 461 
Tear Film Measured In Vivo by Interferometry”,Invest.ophtal. and visual 462 
science, 2003; 44: 68-77. 463 
16 
 
33. Harvitt DM., Bonanno JA. Direct noninvasive measurement of tear oxygen 464 
tension beneath gas-permeable contact lenses in rabitts. Invest Opthalmol 465 
Vis Sci 1996;37:1026-36. 466 
34. Papas E.B., Sweeney D.F., “Interpreting the corneal response to oxygen: Is 467 
there a basis for re-evaluating data from gas-goggle studies?”, Experimental 468 
Eye Research 2006; 151: 222-226. 469 
35. del Castillo L, Ferreira, Ana R.,Hernandez Saúl I., Aguilella-Arzo, M., Andrio, 470 
A., Mollá, S., Compañ V. Diffusion and monod kinetics model to determine 471 
in vivo human oxygen-consumption rate during soft contact lens wear. J 472 
Optometry 2015;8:12-18. 473 
36. Vicente Compañ, Marcel Aguilella-Arzo, Timothy B. Edrington, Barry A. 474 
Weissman. Modeling Corneal Oxygen with Scleral Gas Permeable Lens 475 
Wear. OVS. 2016;93(11):1339-1348.37.  476 
37. Compañ V, Aguilella-Arzo M, Weissman BA. Corneal Equilibrium Flux as a 477 
function of Corneal Surface Oxygen Tension. Optom Vis Sci 2017;94:672-9  478 
38. Compañ V, Aguilella-Arzo M, Del Castillo L.F, Hernández S.I., Gonzalez-479 
Meijome J.M. Analysis of the application of the Generalized Monod kinetics 480 
model to describe the Human Corneal Oxygen-Consumption Rate During 481 
Soft Contact Lens Wear. Journal of Biomedical materials Research Part B: 482 
Applied Biomaterials. 2017:105B:2269–2281. 483 
39. Nicolson PC, Vogt J. Soft contact lens polymers: an evolution. Biomaterials 484 
2001;22:3273-83. 485 
40. Pozuelo J, Compañ V; González-Méijome JM, González M; Molla S. 486 
Oxygen and ionic transport in hydrogel and silicone-hydrogel contact lens 487 
materials: An experimental and theoretical study. Journal of . Membrane 488 
Science 2014;452:62-72. 489 
41. Cheng X., Pinsky P. M., A numerical model for metabolism, metabolite 490 
transport and edema in the human cornea. Comput. Methods Appl. Mech. 491 
Engrg. 2017; 314: 323-344. 492 
42. Li L., Tighe B., J. R. Numerical simulation of corneal transport processes. J. 493 
R. Soc. Interface 2006; 3: 303–310.  494 
43. Fatt I., Weissman BA. Physiology of the Eye: An Introduction to the 495 
Vegetative Functions, 2nd ed. Philadelphia: Butterworth-Heinemann; 1992. 496 
17 
 
44. Wistrand PJ, Schenholm M, Lonnerholm G. Carbonic anhydrase 497 
isoenzymes CA I and CA II in the human eye. Invest Opthalmol Vis Sci 498 
1986;27:419-28. 499 
  500 
18 
 
Figure captions 501 
 502 
Figure 1. Variation of oxygen tension versus time at the interface cornea-tears-503 
CLs. a) Symbols represent the experimental data obtained from Bonanno et al.20 504 
b) Dashed line correspond to the experimental data fit by means of eq.(5). c) Solid 505 
line has been obtained fitting the data using eq.(6). 506 
 507 
Figure 2. Variation of the relaxation time of the cornea versus oxygen tension at 508 
the cornea-tears-lens interface for each one of the lenses considered in this 509 
study. The inset show the corneal time relaxation versus oxygen tension at the 510 
interface cornea-tears film using the solution of eq.(6). 511 
 512 
Table 1. Parameters of the lenses used in this study. The asterisks indicate that 513 
these parameters have been measured by manufacturer. Values without 514 

















L= τ  
(s) 
Polymacon2 200* 6.8x10-6 1.5x10-5  10.2 (8.4*) 5.1 (4.2*) 11.1 
Biomedics 115* 8x10-6 2.4x10-5 19.2 (19.7*) 16.7 (17.1*) 2.8 
Acuvue2 105* 6x10-6 4.7x10-5 28.2 (28*) 26.9 (27*) 3.1 
Advance 71* 4.5x10-6 13.2x10-5 59.4 (60*) 83.7 (85+) 1.9 
Balafilcon 100* 1.5x10-5 6.7x10-5 100.5 (99*) 100 (99*) 1.1 
Purevision 90* 5.5x10-6 19.3x10-5 107.0 (112*) 119 (124*) 2.3 
Optix 80* 5.1x10-6 21.1x10-4 106.8 (110*) 133.5 (138*) 2.1 
Oasys 62* 4.4x10-6 2.3x10-4 101.5 (103*) 163.7 (166*) 1.4 
N&D 80* 7.1x10-6 2x10-4 141.8 (140*) 177.3 (175*) 1.5 
N&D UT 55* 6.6x10-6 2.15x10-4 141.8 (140*) 257.8 (255*) 0.8 
1Barrer=10-11  (cm2/s)(mL STp O2/(ml.mmHg)) or 1 Fatt Dk units 516 
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